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ABSTRACT 

Among over 200,000 Galactic Bulge variable stars in the public domain OGLE cat- 
alogue, we found over 15,000 red giant variables following two well defined period - 
amplitude relations. The periods are in the range 10 < P < 100 days, and amplitudes 
in the range 0.005 < A < 0.13 mag in I-band. The variables cover a broad range of 
reddening corrected colours, 1 < (V — I)o < 5, and a fairly narrow range of extinc- 
tion corrected apparent magnitudes, 10.5 < Iq < 13. A subset of variables (type A) 
has a rms scatter of only 0.44 mag. The average magnitudes for these stars are well 
correlated with the Galactic longitude, and vary from If.,0 = 11.82 for / = +8° to 
Ik,o — 12.07 for I — —5°, clearly indicating that they are located in the Galactic Bar. 
Most variables have several oscillation periods. 
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1 INTRODUCTION 

While the exist ence of the Galactic Bar was pointed 
out decades ago Ide Vaucouleursiri964lh the Bar existence 
received a broader s upport only following the work of 
iBlitz fc Spereell (ll99lTt . based on 2.4 mic ron light distribu- 
tion in the inner Galax y as measured bv iMatsumoto et alJ 
( 1982), and the work of iNakada et al ] <199llh based on the 
asymmetry in the distribution of Galactic Bulge stars as 
measured by IRAS. The presence of the Galactic Bar has 
been obser ved in many d i fferent ways; re c ent reviews ar e 
pro vided bvlGaxzonl ]l999T ). lGerhardl l2002ft . lDehnenl J2002D . 
and lMerrifieldl feOOSt . " 

The Optical Gravitational Lensing Experiment (OGLE) 
is a long term observing project carried out at the 
Las Campanas Observatory in Chile, operated by the 
Carnegie Institution of Washington. The instrumen- 
tation of the three st a ges of the pr oj ect was de- 
scribed by lUdalski et al] Il992. OGLE-J). lUdalski et alJ 
il997. OGLE-Illh and lUdalski et al l <2002a OGLE-IlJ) . A 
catalogue of over 200,000 variable stars discovered within ap- 
proximately 11 square degr ees in the direction of the Galac- 
tic Bulge was published bv lWozniak et ail ([2001) . The pub- 
lic domain data set contains 200 — 400 I-band photometric 
data points obtained in the observing seasons 1997, 1998, 
1999 with the OGLE-II instrumentation: a dedicated 1.3- 
meter telescope with a 2K x 2K pixel CCD camera, built 
and operated by the Warsaw University Observatory. 

* E-mail: laurent.eyer@obs.unige.ch 



The presence of the Galactic Bar was already detected 
in the appare nt distribution of red clump giants in the 
OGLE-I data dStanek et al.lll994l. Istanek et al.l ll997Tl . In 
this paper, we set out to determine whether the evidence 
for the Galactic Bar may also be fo und among OGLE vari- 
ables . We calculated periodograms <lLomblll976l . |Press et al] 
Il992l) for each of th e 200,000 objects in the OGLE-II vari- 
able star catalogue iWozniak et aljfeoOl]) that had at least 
100 I-band measurements, and acce pted as real thos e for 
which the probability of a false signal tPress et alll992T) was 
smaller than 0.001. Because fields 45 and 46 have only two 
seasons of observations (fewer than 100 measurements), pe- 
riodograms were not calculated for any stars in these fields. 
We were struck by the two clear sequences apparent in the 
period - amplitude diagram, presented in Fig. For many 
stars, several significant periods were found. The plotted pe- 
riod has the largest amplitude. Our convention is that am- 
plitudes are defined as half of the peak-to-peak amplitude 
for a given mode. 

Originally, we had intended to use Mira-type long pe- 
riod variables as possible tracers of the Galactic Bar. How- 
ever, it is clear that the variables defining the two sequences 
in Fig. are more numerous and, having small amplitudes, 
they appear to be more useful than Miras as tracers of the 
Galactic structure. Therefore, this paper is devoted to these 
low amplitude variables only. 

In addition to the two sequences present in Fig. Qthere 
is a clump of variables around logP ~ 2.1 and log A < — 2; 
this is mostly caused by an artefact, and should be ignored. 

We divided the variables into types A and B, with the 
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division line shown in Fig. Type A is above and to the 
left, and type B below and to the right, of the division line. 
Variables within the parallelograms: 



-2.31 < log(A) < -1.31, 

-6.56 < log(A) - 3.223 log(P) < -5.66, 

-1.82 < Iog(A) < -0.90, 

-7.62 < log(A) - 3.223 log(P) < -6.56, 



(la) 



(16) 



were selected in 33 OGLE-II fields spanning a large range of 
Galactic longitudes, but only a small range of Galactic lati- 
tudes. The colour - magnitude diagram, corrected for inter- 
stellar reddening and extinction with the maps provided by 
ISumil J20031) . is shown in Fig.^for the field BULJ3C1. Type 
A variables are marked with large blue dots; B variables are 
marked with green open circles. A relatively small range of 
apparent I-band magnitudes and a large number of variables 
indicates that these stars might be useful 'standard candles,' 
and that it might be possible to use them as tracers of the 
Galactic Bar. 

Most variables shown in Fig. |2] are bright red giants. 
It is very like ly that these stars are sim ilar to the vari - 
ables found by Ess fc Beddind (I2003T) and llta et all <2003ft 
in the O GLE catalogue fo r the LMC and SM C, to those 
found bv lCook et all lll997MWood et alJ Jl999t) . and I Wood! 



( 2000) in the MACHO databas e for the LMC, to the M 
giant variables in NG C 6522 jGlass fc Schultheisl liool . 
and to those found bv ICook et alJ <1997l) in the MACHO 
database for the Galactic Bulge. Minimum variability lev- 
els have been detected for red giants f rom the ESQ projec t 
"long term photometry on variables" ( Jprissen^^aUri997 ) , 
and also from Hipparcos photometry fever fc Grenonll997t) . 
the cooler stars having larger minimum variability thresh- 
olds and larger mean amplitudes. Furthermore, a period- 
amplitu de relation has been noticed for a few red giants 
stars bv Ijorissen et all (Il997|). and also in a large sample 
of stars from AS AS data fever fc Blakdl2002T) . A possible 
theoretical mechan i sm fo r th e oscillations was studied by 
iDziembowski et al.l i200ll) and lChristensen-Dalseaard et alJ 
J2001D . 

The aim of our paper is to select from the OGLE cat- 
alogue red giant variables populating the two period - am- 
plitude sequences in Fig. Q to provide many parameters 
for these variables in electronically accessible tables, and to 
check if they trace the Galactic Bar. 



2 SELECTION OF VARIABLES 



We used reddening maps published bv ISunrJ (120031) for 48 
OGLE-II Galactic Bulge fields. All variables of type A in a 
subset of these fields located at the Galactic latitude 6 w 
—4° are shown in Fig. |3] It is clear that they form three 
distinct groups: luminous red giants, less luminous red giants 
located near the Bulge red clump region, and relatively blue 
Galactic disc stars. These three groups are well separated. 
We selected stars located above and to the right of the line 
in Fig.|3]for our study, and we refer to them as OGLE Small 
Amplitude Red Giant variables (OSARGs). 

Some type B variables are close to the saturation limit of 
OGLE-II, and therefore we restrict our study of the Galactic 



structure to OSARG type A variables only. The OGLE sat- 
uration limit causes a problem for the study of the brightest 
OSARGs. This technical diffi culty will b e overturned when 
the ASAS I-band data feoimariskil2002l) become available, 
which have a limiting I-mag of about 14, and a considerable 
overlap with OGLE-II photometry. Three years of Galactic 
Bulge data have been acquired by ASAS already. For our 
analysis we omit fields located far from b ~ —4°, and those 
fields for which a reliable extinction map is not available. 
This leaves us with a total of 33 OGLE-II fields. 



3 DISTRIBUTION OF VARIABLES 

The OSARG type A variables form a nearly horizontal se- 
quence in the colour - magnitude diagram shown in Fig. [3] 
We fitted their distribution with a straight line using the 
least square method, and looking for the best global solu- 
tion of the form: 



Ik,i,o = 4,o + a [(V - 7) Ml o - 2.881] . 



(2) 



where Ik,i,o an d (V — I)k,i,o are the reddening corrected av- 
erage magnitude and colour for variable number i in the 
field fc, Ik,o is a constant, different for every field, represent- 
ing the 'average' magnitude of OSARG type A variables in 
field fc, a is the same constant for all fields, and 2.881 is the 
mean (V — I)o colour for all OSARG type A variables in all 
33 fields represented in Fig. [3] We computed the value of 
the parameter a as 0.169. The values of the parameter Ik,o 
and the standard deviations from the relation (2) are given 
in Table for all 33 fields. This table also lists the total 
number of type A and type B variables in each field and the 
Galactic coordinates of the field centers. 

Fig. [I] presents the variation of the average magnitude 
of OSARG type A variables with the Galactic longitude. A 
clear trend is present, pr actically identical to that shown 
by the red clum p giants iStanek et aljfl994l IStanek et alJ 
ll997llSumil2003l) . demonstrating that OSARG variables are 
located in the Galactic Bar. 

We repeated the analysis for OSARG type B variables 
and it was qualitatively similar to that shown in Fig. [I] but 
disturbed by the OGLE-II saturation limit. 



4 MULTIPLE PERIODS 

Multiple periods were detected for most OSARGs. The ra- 
tios of those periods to the dominant period (i.e., the one 
with the largest amplitude) are shown in Fig.[^]as a function 
of the dominant period. Several bands corresponding to the 
period ratios close to 2, 1.4, 0.9, 0.75, and 0.5 are clearly 
seen. The interpretation of this rich spectrum of oscillations 
is beyond the scope of our paper. Our intent is to present 
this richness with a hope that it may attract specialists to 
investigate the nature of the oscillations. 

Virtually all OSARGs were identified with objects in 
the 2MASS catalogue, and the values of J, H, and K magni- 
tude are included in the tables available on Internet/Simbad. 
A sample of these tables is shown in our Table H These 
magnitudes were co rrected for in terstellar extinction using 
maps developed by ISumil i2003T) and using extinction ra- 
tios between the infrared bands and V-band provided by 
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ISchleeel et al.l lll998l) . Note that the extinction in K-band is 
small, and any errors in the estimate are of relatively little 
consequence. The average K-band magnitude, corrected for 
extinction, varies with Galactic longitude in a way similar 
to that seen in Fig. [I] 

Next, extinction corrected Ko magnitudes were also cor- 
rected for the Galactic Bar effect (as shown in Fig.^Jof this 
paper) to the distance corresponding to Galactic longitude 
/ = 0; we label the corresponding magnitudes Ko,o- A rela- 
tion between the dominant period of oscillations and Ko,o is 
shown in Fig. [(J The two groups of OSARGs that are visible 
in Fig. Q are also clearly visible in Fig. H2 

The two groups of OSARGs are also plotted in the in- 
frared color - magnitude diagram in Fig. [7J Only 20% of all 
variables are plotted to avoid crowding. There is almost full 
overlap between the two groups, distinctly different from the 
clear separation in Fig. and Fig. [U 

Fig. |H| shows the dependence of the dominant period 
on the reddening corrected (V — I)q color, and clear period 
- color relations are apparent. Note: K-band magnitude is 
close to the bolometric magnitude, and hence the period - 
luminosity relations are clearly visible in Fig. However, 
the bright giants form a nearly horizontal line in the 7o — 
(V — I)o diagram shown in Fig. [5] Hence, the (V — I)o color 
is for them a better absolute luminosity indicator than the 
Jo magnitude, and this is clearly demonstrated in Fig. [HI 

Finally, it is time for us to present a random sample of 
type A and type B OSARGs in Fig. |§] These are 12 vari- 
ables of each type in the field BUL_SC3, sorted with increas- 
ing dominant period. These appear as semi-regular variables 
because of their rich period structure. A much longer time 
baseline of photometric measurements will become available 
soon when the current OGLE-III data are processed and 
published (cf. Udalski et al. 2002a). With a longer time 
baseline, it will be much easier to decide to what extent 
the multiple periods we found are stable, and to what ex- 
tent OSARGs are multiply-periodic rather than semi-regular 
variables. 



5 THE CATALOGUE 

We provide a catalogue of 8970 OSARG type A variables 
and 6399 OSARG type B variables in electronic form at: 

http:/ /www.astro. princeton.edu/~jwray /OSARG/ 
in the files A.txt and B.txt, respectively. Separate files for 
each field are available at the same URL, and are called 
Al.txt, A2.txt, . . . , A49.txt and Bl.txt, B2.txt, . . . , B49.txt. 
The catalogue is a subset of the gener al OGLE-II cata logue 
of variable stars in the Galactic Bulge (Woz niak et al.12 001'). 
A sample of the tables, listing data for the first 25 type A 
stars from the field BUL_SC1, is shown in Table |2j which 
is split into two parts because of its considerable width. 
The consecutive col umns are as fo l lows: the variable star 
number according to Wozniak et al.l Il2001fl: the s tar number 
according to OGLE maps dlldalski et al.ll2002bl) : 2000 RA 
and DEC; X and Y pixel coordinates; average V-band mag- 
nitude; V-band extinction; average (V-I) color; (V-I) red- 
dening; average I-band magnitude; I-band extinction; J, H, 
K-band magnitudes; the dominant period and its amplitude; 
the next three significant periods and amplitudes. In cases 
where fewer than three significant periods were found, the 



extra columns contain the value -99.99999. Similarly, for a 
few stars there was no match found in the 2MASS cata- 
logue, so the J, H, K columns for those stars contain the 
value -9.999. 

The coordinates an d I and V-band magn itudes are given 
following OGLE maps l|Udalski et al.||2 002fJ). t he reddening 
and extinction is given following lsTmiifll2003l) . and the J, 
H, K magnitudes are given following 2MASS (All-Sky Point 
Source Catalogue, Release 2003 March 25). We provide all 
these data in electronically accessible files to facilitate anal- 
ysis of OSARG variables to all interested users. 



6 DISCUSSION 

There can be no doubt that OSARGs hav e been found in th e 
MACHO database for the Galactic Bulge JCook et al.ll997fl . 
and that they are r elated to red giant varia bles found in the 
LMC and S MC bvlCook et alJ fl997h . bv iKiss fc Bedding! 
( 2003) and bv llta et al.H2003l) . However, there is also a strik- 
ing difference between the Galactic Bulge and the LMC and 
SMC: the multiple narrow bands seen in the log P — K dia- 
grams for the LMC and SMC are not present in the Galac- 
tic Bulge, where we see only two groups of stars. It appears 
that our type A and B variables correspond to type A - 
and B~ variables, respectively, of Ita et al. (2003, fig. 6). 
Note: the distance modulus to the Galactic Bulge is 4 mag 
smaller than that to the LMC, so the red giant tip, which 
is at K ~ 12 in the LMC, is expected to be at K ~ 8 in the 
Galactic Bulge. Unfortunately, this is close to the I-band sat- 
uration limit of OGLE, and this complicates the comparison 
and biases our diagrams. 

We have an impression that our two sequences of vari- 
ables are broader in the apparent magnitude than the cor- 
responding sequences seen in the LMC and SMC. This may 
be caused by at least two effects: the Galactic Bar has a rel- 
atively large radial depth, which remains an effect even after 
correction is made for the inclination (cf. Fig. , and there 
is likely also a broad range of metallicities in our Galaxy as 
compared to LMC and SMC. 

Another striking difference between OSARGs and sim- 
ilar variables in the LMC is the presence of a large number 
of LMC stars with color (J — K) > 1.4, as shown in fig. 3 
of lKiss fc Bedding! (|2003h : these are carbon stars. We found 
very few such variables, as is apparent in our Fig. [7J where 
there are less than a handful of stars off the right hand limit 
of the figure. This difference may be due to the higher metal- 
licity of the Galactic Bulge as compared with the LMC. 

The period - amplitude relations as presented in our 
Fig. Q have not been reported in print to the best of our 
knowledge. However, simila r relations were found for the 
LMC and SMC variables bv lSoszvriskll J2003ft . 

We restrict this paper to the announcement of the OS- 
ARG variables in the Galactic Bulge/Bar, to the catalogue 
of 15,369 objects, and to the demonstration that they are 
located in a bar inclined to the line of sight. We make no at- 
tempt at modelling the Bar, as considerably more complete 
data should be available as soon as ASAS photometry (cf. 
|Poimariskill2002h becomes available, and the problems with 
the OGLE saturation limit are alleviated. 
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Table 1. Values for 33 fields of the reddening corrected average magnitude 1^ q and its rms, as well as the Galactic longitude I and 
latitude b of the field centers, and the number of A and B stars, Na, Nb- 



Field k 


I 


b 


N A 


N B 


h,o 


rms 


1 


1.08 


-3.62 


225 


136 


11.91 


0.36 


2 


2.23 


-3.46 


204 


133 


11.92 


0.41 


8 


10.48 


-3.78 


39 


32 


11.84 


0.52 


9 


10.59 


-3.98 


34 


27 


11.59 


0.66 


10 


9.64 


-3.44 


16 


17 


12.00 


0.62 


11 


9.74 


-3.64 


15 


20 


11.57 


0.45 


12 


7.80 


-3.37 


84 


55 


11.84 


0.55 


13 


7.91 


-3.58 


21 


22 


11.75 


0.47 


16 


5.10 


-3.29 


92 


92 


11.79 


0.47 


17 


5.28 


-3.45 


93 


91 


11.91 


0.48 


18 


3.97 


-3.14 


197 


108 


11.89 


0.46 


19 


4.08 


-3.35 


181 


121 


11.79 


0.45 


20 


1.68 


-2.47 


422 


257 


11.96 


0.43 


21 


1.80 


-2.66 


337 


179 


11.97 


0.42 


22 


-0.26 


-2.95 


294 


197 


12.01 


0.41 


23 


-0.50 


-3.36 


224 


175 


11.94 


0.42 


24 


-2.44 


-3.36 


120 


150 


12.14 


0.43 


25 


-2.32 


-3.56 


154 


109 


12.05 


0.40 


26 


-4.90 


-3.37 


174 


113 


12.07 


0.35 


27 


-4.92 


-3.65 


164 


102 


12.05 


0.43 


28 


-6.76 


-4.42 


57 


40 


12.10 


0.40 


29 


-6.64 


-4.62 


68 


46 


12.04 


0.41 


30 


1.94 


-2.84 


321 


196 


11.96 


0.40 


31 


2.23 


-2.94 


313 


157 


11.93 


0.43 


32 


2.34 


-3.14 


261 


137 


11.94 


0.40 


33 


2.35 


-3.66 


174 


116 


11.95 


0.40 


34 


1.35 


-2.40 


387 


275 


11.95 


0.43 


35 


3.05 


-3.00 


216 


146 


11.87 


0.41 


36 


3.16 


-3.20 


214 


138 


11.95 


0.42 


38 


0.97 


-3.42 


195 


160 


11.94 


0.41 


40 


-2.99 


-3.14 


214 


154 


12.03 


0.43 


41 


-2.78 


-3.27 


196 


174 


12.09 


0.35 


42 


4.48 


-3.38 


158 


130 


11.82 


0.47 
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Table 2. Tabic of all relevant parameters for a sample of type A stars in field 1. 



NoV NoS RA DEC X-p Y-p V A(V) (V-I) E(V-I) I A(I) 



7 


43 


18 


:02: 


09 


55 


-30: 


25 


: 14 


8 


311 


.41 


97 


.78 


17 


640 


1 


.558 


4 


436 





793 


13 


.195 





.765 


17 


189902 


18 


:02: 


20 


.02 


-30: 


25 


.44 


1 


638 


.85 


27 


.45 


15 


906 


1 


612 


3 


973 





820 


11 


926 





791 


67 


47 


18 


02: 


04 


36 


-30: 


24 


:37 


1 


148 


.87 


188 


64 


16 


774 


1 


.720 


3 


570 





876 


13 


.199 





844 


91 


189911 


18 


02: 


23 


19 


-30: 


24 


:45 


9 


737 


.63 


168 


.23 


17 


812 


1 


.746 


4 


944 





889 


12 


.859 





857 


136 


554673 


18 


02: 


52 


20 


-30 


24 


:36 


9 


1644 


51 


191 


.09 


16 


042 


1 


.595 


2 


906 





812 


13 


.130 





78?> 


149 


19 


18 


02: 


03 


70 


-30: 


23 


.44 


5 


127 


.99 


315 


63 


14 


878 


1 


.700 


2 


.571 





865 


12 


.304 





834 


154 


15 


18 


:02 


08 
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Figure 1. The period - amplitude diagram is shown for ~ 200, 000 OGLE-II variables in the Galactic Bulge. Two sequences, separated 
by two segments of diagonal solid line, are clearly visible. We call the sequence above and to the left of the line type A, and the sequence 
below and to the right of the line we call type B. A cluster of points at logP tts 2.1 and log A Ri —2.3 is an artefact to be ignored. 
Amplitudes are defined as half of the peak-to-peak amplitude for a given mode. 
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Figure 2. The extinction and reddening corrected colour - magnitude diagram Io — (V — I)o is shown for type A (large blue dots) 
and type B (green open circles) variables in the OGLE-II field BUL_SC1. Small red points represent other variables. Small black points 
represent non- variable stars. In the three sections of the diagram, separated by horizontal dashed lines, the fraction of non-variable stars 
plotted is as indicated: 1/10, 1/30, and 1/100, from top to bottom. 
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Figure 3. The extinction and reddening corrected colour - magnitude diagram Io — (V — I)o is shown for type A variables in 33 
OGLE-II fields. The variables to be discussed in this paper are located above and to the right of the diagonal dashed line. 
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Figure 4. The reddening corrected average I-band magnitude for OSARG type A variables in 33 OGLE-II fields is shown as a function 
of Galactic longitude I. 
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Figure 5. The ratios of all significant periods to the dominant period are shown as a function of the dominant period for all OSARG 
variables, type A (blue points) and type B (green open circles). 
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Figure 6. The period — luminosity diagram for OSARGs in K-band. The K-band magnitude of all OSARG variables was obtained from 
2MASS and corrected for the interstellar extinction and the difference in distance induced by the Galactic Bar (cf. Fig. 4 of this paper), 
yielding i^o,0> which is shown as a function of the dominant period. Note the clear separation of the two types of OSARG variables, type 
A (blue points) and type B (green open circles). 
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Figure 7. The infrared colour - magnitude diagram for OSARGs based on 2MASS J and K magnitudes corrected for the interstellar 
extinction and, in the case of i("o,o> also for the Galactic Bar-induced difference in distance, as determined from Fig. 4 of this paper. 
Only 20% of all variables are plotted to avoid crowding. Notice that type A OSARGs (blue points) and type B OSARGs (green open 
circles) overlap in some area of the CMD. 
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Figure 8. The reddening corrected (V — I)o colour as a function of the dominant period. Two distinct period - colour relations, for 
type A (blue points) and for type B (green open circles), are clearly apparent. 
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Figure 9. A sample of light curves with periods (in days) increasing from top to bottom, for type A (left) and type B (right) variables. 
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